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Previous work has demonstrated that goal-directed control of alcohol-seeking and 
other drug-related behaviors is reduced following extended self-administration and drug 
exposure. Here, we examined how the magnitude of stimulus influences on responding 
changes across similar training and drug exposure. Rats self-administered alcohol or 
sucrose for 2 or 8 weeks. Previous work has shown that 8 weeks, but not 2 weeks of 
self-administration produces habitual alcohol seeking. Next, all animals received equiva-
lent Pavlovian conditioning sessions where a discrete stimulus predicted the delivery of 
alcohol or sucrose. Finally, the impact of the stimuli on ongoing instrumental responding 
was examined in a Pavlovian–instrumental transfer (PIT) test. While a significant PIT 
effect was observed following 2 weeks of either alcohol or sucrose self-administration, 
the magnitude of this effect was greater following 8 weeks of training. The specificity of 
the PIT effect appeared unchanged by extended training. While it is well established that 
evaluation of the outcome of responding contributes less to behavioral control following 
extended training and/or drug exposure, our data indicate that reward–predictive stimuli 
have a stronger contribution to responding after extended training. Together, these find-
ings provide insight into the factors that control behavior after extended drug use, which 
will be important for developing effective methods for controlling and ideally reducing 
these behaviors.
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inTrODUcTiOn
While early recreational drug use is largely driven by the reinforcing properties of the drug, over 
extended use, many of the positively reinforcing effects of drugs are diminished. The continued drug 
use by some individuals under such conditions suggests that drug-seeking behavior has become 
disconnected from expectations regarding the outcome of that behavior. An increasing automatiza-
tion of responding could explain this shift. Although the notion that responding for drug rewards 
becomes habitual is prevalent in the addiction field (1–3), it has only been relatively recently that 
empirical studies have directly assessed this claim. There is now accumulating evidence that with 
prolonged drug use, control of drug-seeking behaviors transitions from flexible and goal-directed 
to habitual.
Tests developed in the animal learning field can dissociate goal-directed actions from response 
habits. Goal-directed actions rely on their relationship to, and the value of, their associated outcome. 
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Thus, responding tracks both the action–outcome contingency 
and current value of the outcome and is normally reduced when 
either the former is degraded or the latter reduced (4, 5). In 
contrast to the knowledge of the action–outcome relationship 
and evaluation of outcome value that characterize goal-directed 
behaviors, habits are argued to rely on an independent learning 
process. Habits are acquired as stimulus–response (S–R) asso-
ciations that are gradually strengthened each time a response is 
reinforced, explaining why the relative dominance of habitual 
control grows with extended training (6, 7). Because habitual 
responding is controlled by an S–R association that does not 
include a representation of the outcome or its value, changes 
in the value of the outcome have no immediate effect on the 
performance of habitual responses (6, 8). Thus, by specifically 
manipulating outcome value or the action–outcome contingency 
and observing consequent effects on performance, the outcome 
devaluation and contingency degradation tests have become use-
ful tools for identifying goal-directed and habitual actions (5), 
and evidence of drug-induced habits has largely been derived 
from studies using these tests. The outcome devaluation task, in 
particular, has been effective in demonstrating that drug expo-
sure can promote habitual control. For example, sensitizing doses 
of psychostimulant drugs prior to training with food reward can 
promote rapid habit formation evidenced by impaired sensitivity 
to devaluation (9–13). Likely of more direct relevance to human 
addiction, extensive, but not limited self-administration training 
with cocaine (14), alcohol (15), or nicotine (16) results in drug 
seeking that is no longer sensitive to outcome devaluation.
These failures of goal-directed control imply that drug seeking 
is habitual; nonetheless, they do not directly assess the S–R learn-
ing that is thought to underlie habitual behavior. While habits are 
thought to rely on the formation of an S–R association, the stimuli 
that support the S–R association and consequently, habitual per-
formance in a free operant paradigm are typically poorly defined. 
The S–R association is established during instrumental training 
when the response is repeatedly reinforced, incrementally 
strengthening the association between that response and situ-
ational cues that are present. These stimuli could be derived from 
the physical context. However, since these cues are incidental, 
it is not clear what exact information the animal uses (context, 
elements of the context, sight of the lever, aspects of their own 
behavior, the outcome itself, etc.), and this could differ animal-
by-animal, making the stimuli difficult to manipulate. While there 
is an independent literature implicating drug-related stimuli in 
craving and subsequent relapse risk (17–21), how the nature of 
such influences changes across the course of extended drug use 
has rarely been assessed and deserves further study, particularly 
in relation to whether behavior is under goal-directed or habitual 
control.
Stimulus influences in general can be readily manipulated and 
examined using the Pavlovian–instrumental transfer (PIT) task. 
This task examines the influence of stimuli on the choice and 
vigor of responses that earn drug or other rewards. It involves 
three independent stages. In the Pavlovian conditioning phase, 
a stimulus or stimuli are paired with an outcome or outcomes 
(such as drug, food, or other reward). Separately, animals are 
trained to perform one or more instrumental actions, such as a 
lever-press response, to earn reward. Importantly, the Pavlovian 
stimuli are not present during the instrumental training phase. 
In the final test stage, the instrumental action(s) is available and, 
for the first time, the Pavlovian stimuli are presented in order to 
assess their influence on instrumental performance. Changes in 
instrumental responding in the presence of the Pavlovian stimuli 
relative to stimulus-free periods constitute the PIT effect. Tests 
of PIT are typically conduced under extinction conditions (i.e., 
no rewards are delivered following either stimulus presentations 
or performance of the instrumental response) to prevent new 
learning at the time of testing and to allow confidence that effects 
rely on associations previously established during training. There 
is some evidence that the magnitude of PIT effects increases with 
extended instrumental training with food reward (7); however, 
the relationship between the amount of training and the mag-
nitude of PIT effects is not straightforward (22). Furthermore, 
how stimulus effects related to drug seeking may change over the 
course of extended training has not been extensively investigated.
We have previously shown that an alcohol-seeking response is 
sensitive to devaluation of the alcohol reward following 2 weeks, 
but not 8 weeks of training, providing evidence of a failure of goal-
directed control after this extended training and drug exposure 
(11, 12, 15). In the current study, we examined the influence of 
alcohol-predictive stimuli on an alcohol-seeking response across 
this same timeframe. Given that habits are thought to be driven 
by stimuli rather than outcome and that the relative dominance of 
the habit system increases across extended training, we predicted 
that stimulus influences on responding should increase with 
training, that is, the magnitude of the PIT effect would increase 
from 2  weeks of training, where behavior is goal-directed, to 
8  weeks of training, where behavior is habitual. We compared 
any changes in the magnitude of the PIT effect in animals trained 
to self-administer alcohol versus sucrose reward. Furthermore, 
we tested whether the specificity of PIT changes over extended 
training.
MaTerials anD MeThODs
experiment 1: Pavlovian–instrumental 
Transfer Following 2 or 8 Weeks of alcohol 
self-administration
Subjects and Apparatus
Sixteen male Long–Evans rats (approximately 300 g at the start 
of the experiment; Harlan, Indianapolis, IN, USA) were singly 
housed with free access to food and water. This study was con-
ducted in accordance with the recommendations of the National 
Institutes of Health Office of Laboratory Animal Welfare. All 
procedures were approved by the Institutional Animal Care and 
Use Committee of the Ernest Gallo Clinic and Research Center 
at the University of California, San Francisco, CA, USA. Training 
and testing took place in 16 Med Associates (East Fairfield, 
VT, USA) operant chambers housed within sound-attenuating 
shells. Each chamber was equipped with a pump fitted with a 
syringe that delivered a fixed volume of solution into a recessed 
magazine in the chamber when activated. The chambers con-
tained retractable levers to the left and right of the magazine. 
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A houselight mounted on the top-center of the opposite wall 
provided illumination.
Alcohol Acclimation in the Home Cage
To familiarize the rats with the taste and pharmacological effects 
of alcohol, they were given free access to 10% ethanol (10E) 
(v/v) in filtered water in the home cage, for 24 h/day for 14 days, 
followed by 14 days of 1-h access to 10E at the time that train-
ing would subsequently occur. Water was always available in a 
separate bottle fixed to the home cage. Rats were weighed daily, 
and EtOH consumption was recorded.
Instrumental Training
Animals were assigned to either a 2-week or an 8-week group 
(N = 8/group) in an effort to match home cage alcohol consump-
tion. The 2-week group completed 14 daily training sessions, 
whereas the 8-week group completed 56 daily sessions before 
Pavlovian training and PIT testing. Training started with a single 
30-min magazine training session, where 10E was delivered 
under a random time (RT) 60-s schedule. Rats were next trained 
to make a lever-press response to deliver small aliquots (0.1 ml) 
of 10E in 60-min sessions. The first 2 days of training were under 
a continuous reinforcement schedule; reinforcement was then 
shifted to a random ratio-2 schedule for 3  days, followed by a 
random ratio-3 schedule for the remainder of training. Animals 
failing to respond at levels sufficient to achieve alcohol intake of 
at least 0.3 g/kg for 5 out of 7 days/week were excluded from the 
study. In sum, for the experiments reported here, four animals 
were excluded on this basis; however, group sizes reported here 
reflect animals that met the instrumental training criterion as 
only those animals went on to Pavlovian conditioning and PIT 
testing. The reward receptacle was examined at the end of each 
session to ensure that the earned rewards were consumed; apart 
from the initial training day, this was always the case. At the end 
of instrumental training, animals were tested for sensitivity to 
outcome devaluation by outcome-specific satiety. These proce-
dures and data are reported elsewhere (15).
Pavlovian Training
Pavlovian training and PIT testing followed our previous pub-
lished methods (23). Briefly, following instrumental training and 
devaluation testing, the rats received eight sessions of Pavlovian 
conditioning. Two auditory stimuli (white noise and clicker) 
served as conditional stimuli. One of these stimuli (CS+) was 
paired with ethanol delivery, while the other stimulus (CS−) had 
no programed consequences (counterbalanced). Six presenta-
tions of each stimulus were given in each session in random order 
separated by periods in which no stimuli were present. The average 
length of the intertrial interval varied but on average was 4.5 min. 
The stimulus presentations were 2-min long. During each CS+ 
presentation, 0.2 ml of 10E was delivered on a RT 30-s schedule. 
Because the schedule of 10E delivery was random, the number 
of outcomes varied across sessions. On average, the animals 
received 4.8 ml of 10E across the 75-min session, which should 
lead to significant blood alcohol levels. The number of magazine 
entries during each stimulus and pre-stimulus interval of equal 
length (2 min) was measured. The magazine was inspected at the 
end of the training sessions to ensure that the solutions had been 
consumed.
Pavlovian–Instrumental Transfer Test
Rats received a single PIT test in which the lever was available, 
and each stimulus was presented twice interspersed with intervals 
of no stimulus (Ø). No rewards were delivered during testing. The 
22-min test contained eight, 2 min bins [two white noise trials 
(N) and two clicker trials (C) alternated with four Ø trials in the 
following order: N, C, C, N]. Each stimulus presentation was 
separated from the subsequent baseline (Ø) interval by 1  min, 
and there was an additional 2-min extinction period prior to the 
first pre-CS interval.
Data Analysis
Data were analyzed using analysis of variance (ANOVA). 
Significant main effects and interactions were analyzed with 
further ANOVA, and significant simple effects were examined 
with pairwise comparisons.
experiment 2: Pavlovian–instrumental 
Transfer Following 2 or 8 Weeks of 
sucrose self-administration
Subjects and Apparatus
The housing conditions and training apparatus were identical to 
those described in Experiment 1. Seventeen rats were assigned 
to either a 2-week (N = 8) or 8-week (N = 9) group. Rats were 
given free access to a 2% sucrose solution (2S) (weight/volume in 
filtered water) in the home cage for 48 h before training. The 2S 
solution was chosen based on pilot studies suggesting it would 
produce similar response rates as 10E.
Instrumental and Pavlovian Training and PIT Test
The training and test parameters were identical to those described 
for Experiment 1, except that 2S instead of 10E was used as the 
reinforcer.
experiment 3: The specificity of 
Pavlovian–instrumental Transfer Following 
2 or 8 Weeks of alcohol self-
administration
Subjects and Apparatus
The housing conditions and training apparatus were identical to 
those described in Experiment 1.
Instrumental Training
Thirty rats were assigned to either a 2-week (N  =  14) or 
8-week (N = 16) group and trained to self-administer 10E as in 
Experiment 1.
Pavlovian Training
The rats received eight sessions of Pavlovian conditioning similar 
to that described above, except that two rewards (10E and 2S) 
were paired with the two stimuli (white noise and clicker). Six 
presentations of each stimulus were given in each session in 
random order separated by stimulus-free intervals. During each 
FigUre 1 | Pavlovian–instrumental transfer is greater following extended alcohol self-administration. (a) Mean magazine entries (+SEM) during the 
pre-CS (baseline) period and presentations of the CS+ and CS− across days of Pavlovian training for the 2- and 8-week training groups. (B) Mean lever presses 
(+SEM) during the pre-CS (baseline) period and presentations of the CS+ and CS− during the Pavlovian–instrumental transfer test. The excitatory effects of the 
CS+ are greater for the 8-week group. *indicates responding during the CS+ is greater than during the baseline period, p < 0.05. **indicates responding is greater 
for the 8-week group than for the 2-week group, p < 0.05.
TaBle 1 | instrumental response rates for alcohol prior to PiT testing in 
experiment 1.
group lever presses earned alcohol g/kg ethanol
2-week 94.2 (11.3) 2.9 (0.37) ml 0.55 (0.07)
8-week 83.1 (10.9) 3.1 (0.39) ml 0.45 (0.06)
Mean (SEM) lever-press responses, volume of alcohol consumed, and gram/kilogram 
ethanol levels for the final 3 days of instrumental training.
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stimulus presentation, 0.2  ml of the appropriate solution was 
delivered on a RT 30-s schedule. All other parameters matched 
those described in Experiment 1.
Pavlovian–Instrumental Transfer
The PIT test was identical to that described in Experiment 1.
resUlTs
experiment 1: Pavlovian–instrumental 
Transfer is enhanced Following extended 
alcohol self-administration
Training
Response rates at the end of instrumental training for the 2- and 
8-week groups are included in Table 1. Magazine entries across 
days of Pavlovian training are shown in Figure 1A. Responding 
during the CS+ increased across days relative to responding during 
either the CS− or the baseline period. ANOVA confirmed these 
observations with a significant effect of stimulus [F(2,28) = 82.4, 
p < 0.001], day [F(7,98) = 12.3, p < 0.001], and an interaction 
between these factors [F(14,196) = 20.1, p < 0.001]. Importantly, 
there was no effect of group [F(1,14) =  0.002, p =  0.961], and 
none of the interactions involving group were significant (Fs < 1).
Pavlovian–Instrumental Transfer
We tested the hypothesis that stimulus influences on responding 
would grow with extended training by testing the magnitude of 
the PIT effect following 2 or 8  weeks of training. The data are 
presented in Figure 1B, which shows that the alcohol-predictive 
stimulus elevated the alcohol-seeking response from baseline, 
and that this effect was bigger after 8  weeks of training. The 
analyses confirmed these impressions revealing an effect of 
stimulus [pre, CS+, CS−; F(2,28) =  16.7, p <  0.001], no effect 
of group [F(1,14) = 1.4, p = 0.253], but an interaction between 
these factors [F(2,28) = 4.3, p = 0.024]. To examine the nature 
of the interaction and to address whether the impact of the 
CS+ was specifically enhanced with extended training, simple 
effects analyses comparing groups for each level of stimulus were 
conducted. The groups did not differ in responding during the 
baseline [pre; F(1,15) = 0.45, p = 0.511] or CS− [F(1,15) = 0.51, 
p = 0.486] intervals. However, responding during the CS+ was 
greater for the 8-week than for the 2-week group [F(1,15) = 5.21, 
0.039]. Furthermore, responding during the CS+ was greater 
than during the baseline period for both the 2- and 8-week 
groups [2 weeks: F(1,7) = 2.5, p = 0.041; 8 weeks: F(1,7) = 6.31, 
p < 0.001] confirming significant PIT in each group.
experiment 2: Pavlovian–instrumental 
Transfer Following 2 or 8 Weeks of 
sucrose self-administration
Training
Instrumental response rates at the end of training are shown in 
Table 2. Pavlovian training is shown in Figure 2A. As with alcohol 
reward, responding during the CS+ increased across days relative 
to responding during either the CS− or baseline period. ANOVA 
confirmed these observations with a significant effect of stimulus 
[F(2,30) = 97.5, p < 0.001], day [F(7,105) = 3.0, p = 0.006], and 
an interaction between these factors [F(14,210) = 9.6, p < 0.001]. 
Again, there was no effect of group [F(1,15) = 3.0, p = 0.103], and 
none of the interactions involving group were significant (Fs < 1).
Pavlovian–Instrumental Transfer
Data from the PIT test are shown in Figure  2B, which shows 
that a sucrose-predictive stimulus also elevates performance 
TaBle 2 | instrumental response rates for sucrose prior to PiT testing in 
experiment 2.
group lever presses earned sucrose
2-week 68.6 (7.9) 2.9 (0.35) ml
8-week 94.4 (19.1) 3.3 (0.79) ml
Mean (SEM) lever-press responses and volume of sucrose consumed for the final 
3 days of instrumental training.
FigUre 2 | Pavlovian–instrumental transfer is greater following extended sucrose self-administration. (a) Mean magazine entries (+SEM) during the 
pre-CS (baseline) period and presentations of the CS+ and CS− across days of Pavlovian training for the 2- and 8-week training groups. (B) Mean lever presses 
(+SEM) during the pre-CS (baseline) period and presentations of the CS+ and CS− during the Pavlovian–instrumental transfer test. The excitatory effects of the 
CS+ are greater for the 8-week group. *indicates responding during the CS+ is greater than during the baseline period, p < 0.05. **indicates responding is greater 
for the 8-week group than for the 2-week group, p < 0.05.
TaBle 3 | instrumental response rates for alcohol prior to PiT testing in 
experiment 3.
group lever presses earned alcohol g/kg
2-week 97.8 (14.4) 3.0 (0.39) ml 0.51 (0.09)
8-week 106.6 (8.9) 3.6 (0.38) ml 0.68 (0.07)
Mean (SEM) lever-press responses, volume of alcohol consumed, and gram/kilogram 
ethanol levels for the final 3 days of instrumental training.
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of a sucrose-seeking response, and that this effect appears 
to grow with extended training. Analyses revealed an effect 
of stimulus [F(2,30)  =  8.64, p  =  0.001], an effect of group 
[F(1,15) = 5.66, p = 0.029], and an interaction between these fac-
tors [F(2,30) = 4.61, p = 0.017]. As above, to address whether the 
impact of the CS+ was enhanced with extended training, simple 
effects analyses comparing groups for each level of stimulus were 
conducted. The groups did not differ in responding during the 
baseline [pre; F(1,16) = 0.06, p = 0.808] or CS− [F(1,16) = 0.76, 
p = 0.395] intervals. However, responding during the CS+ was 
greater for the 8-week, than for the 2-week group [F(1,16) = 8.2, 
0.011]. Furthermore, responding during the CS+ was greater 
than during the baseline period for both the 2- and 8-week 
groups [2 weeks: F(1,7) = 8.59, p = 0.022; 8 weeks: F(1,8) = 16.58, 
p = 0.002] confirming significant PIT in each group.
experiment 3: The specificity of  
Pavlovian–instrumental Transfer 
Following 2 or 8 Weeks of alcohol  
self-administration
Training
Instrumental response rates at the end of training are shown in 
Table 3. Pavlovian training is shown in Figure 3A. Responding 
during both stimuli increased similarly across days relative to 
responding during the baseline period. ANOVA confirmed these 
observations with a significant effect of stimulus [F(2,56) = 78.8, 
p < 0.001], day [F(7,196) = 47.8, p < 0.001], and an interaction 
between these factors [F(14,392) = 18.8, p < 0.001]. The stimulus 
effect was driven by increased responding during the stimuli 
relative to the baseline period. Responding during E+ and S+ did 
not differ [F(1,28) = 0.426, p = 0.519]. Again, there was no effect 
of group [F(1,28) = 1.6, p = 0.223], and none of the interactions 
involving group were significant (Fs < 1).
Pavlovian–Instrumental Transfer
Data from the PIT test are shown in Figure 3B. There was an 
effect of stimulus [F(2,56) =  29.38, p <  0.001] and an effect 
of group [F(1,28) = 5.86, p = 0.023]. The interaction between 
these factors was not significant [F(2,56) =  2.39, p =  0.101] 
potentially because baseline responding was slightly higher 
in the 8-week group in this experiment. Based on the results 
of Experiments 1 and 2, we further explored whether the 
magnitude of the stimulus effects differed between groups. 
The groups did not differ in responding during the baseline 
[pre; F(1,29) = 3.23, p = 0.083]. However, responding during 
the E+ was greater for the 8-week, than for the 2-week group 
[F(1,29) = 5.82, 0.023]. Responding during the S+ did not differ 
between groups [F(1,29) = 0.77, p = 0.389]. Responding dur-
ing the E+ was greater than during the baseline period for both 
the 2- and 8-week groups [2 weeks: F(1,13) = 35.25, p < 0.001; 
8  weeks: F(1,14) =  32.79, p <  0.001]. Responding was also 
greater during the S+ for the 2-week group [F(1,13) =  8.16, 
p = 0.014] but failed to reach significance for the 8-week group 
[F(1,14) = 4.18, p = 0.059], overall confirming PIT effects in 
each group. Finally, responding during the E+ was greater 
FigUre 3 | The magnitude of the Pavlovian–instrumental transfer effect is greater following extended training, but the specificity is unchanged. 
(a) Mean magazine entries (+SEM) during the pre-CS (baseline) period and presentations of the alcohol-predictive (E+) and sucrose-predictive (S+) stimuli across 
days of Pavlovian training for the 2- and 8-week training groups. (B) Mean lever presses (+SEM) during the pre-CS (baseline) period and presentations of the E+ 
and S+ during the Pavlovian–instrumental transfer test. The excitatory effects of the E+ are greater for the 8-week group. While S+ enhanced responding from 
baseline, this effect did not differ for the 2- and 8-week groups. *indicates responding during the CS+ is greater than during the baseline period, p < 0.05. 
**indicates responding is greater for the 8-week group than for the 2-week group, p < 0.05. #indicates responding is greater during E+ than during S+, p < 0.05.
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than responding during the S+ in both the 2- and 8-week 
groups [F(1,13) = 6.36, p = 0.026; F(1,14) = 13.09, p = 0.003], 
providing evidence of specific PIT in addition to some general 
excitatory effects of the S+.
DiscUssiOn
Previous work has shown that exposure to drugs, including alco-
hol, promotes the development of habitual control of responding. 
The extant data have largely been generated using the outcome 
devaluation task, where insensitivity to changes in the value of 
the outcome produced by responding demonstrates a lack of 
goal-directed control. Such findings are taken as evidence of 
habitual control since the outcome of responding is not part of the 
underlying associative structure that supports habitual behavior, 
and as such, manipulations of the outcome are expected to have 
no immediate effect on performance of a habitual response. 
Nonetheless, since habit learning is thought to rely on an inde-
pendent learning process involving the formation of associations 
between stimuli present when responding is reinforced and the 
response itself, it is reasonable to expect changes in the influence of 
stimuli on responding as behavior transitions from goal-directed 
to habitual. While there is some evidence that stimulus influences 
grow with the development of habitual control (7), this has not 
been explored with drug reward, where drug-related stimuli 
are thought to contribute to sustained drug use and precipitate 
relapse following periods of abstinence.
Here, we find that the magnitude of the PIT effect is greater 
following 8 weeks of self-administration training than it is after 
2 weeks, time points where related work has shown responding to 
be habitual and goal-directed, respectively, based on sensitivity to 
outcome devaluation (15). This effect is not explained by changes 
in overall response rates, which were similar for the 2- and 8-week 
training groups. Importantly, the amount of Pavlovian training 
was the same for the two groups, and the measure of Pavlovian 
performance during training, the magazine entry response, 
despite including both CS- and US-related responding, did not 
differ between groups. This suggests that it is not that the strength 
of the Pavlovian conditioning differs, but that with extended 
instrumental training, the susceptibility of the instrumental 
response to Pavlovian influences increases. Similar results were 
found in animals trained to self-administer alcohol or sucrose 
reward suggesting that this phenomenon relates to extended train-
ing rather than something specific about drug reward. Of note, 
the previous study by Holland (7), showing evidence of enhanced 
PIT with extended training, also used natural rewards; thus, the 
current finding with sucrose reward is not entirely unexpected. 
It is important to note that while few studies have manipulated 
the amount of training to examine effects on PIT within a single 
study, a meta-analysis performed by Holmes et al. (22) found a 
complex relationship between the amount of training and the 
magnitude of PIT effects. For example, they found that PIT effects 
were greater with more instrumental training when instrumental 
training was conducted after, but not before, the Pavlovian train-
ing phase in apparent contrast to the current findings. However, 
the meta-analysis only included studies that trained rats on inter-
val schedules and excluded studies using drug, including alcohol 
reward. Further, the range of instrumental training for studies 
included in the analysis was 2–20 sessions with the majority using 
6–12 sessions, which is a fairly narrow range. Rats in the current 
experiments underwent almost three times as much training 
as the maximum reported by Holmes et al. (22), reinforcement 
was according to ratio schedules, which could produce differ-
ent learning and performance patterns than interval schedules, 
and, in Experiments 1 and 3, rats earned alcohol reward. With 
these important procedural details in mind, it is not clear that 
the results of the meta-analysis can be extended to the current 
results. Nonetheless, it appears that multiple factors contribute to 
the magnitude of PIT effects, and even the relationship with the 
amount of training may be complex, meaning enhanced PIT may 
not always be observed following extended training.
Interestingly, an experimental study included in Holmes et al. 
(22) found that extensive (16 sessions) Pavlovian training reduced 
rather than enhanced PIT in comparison to shorter training 
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(4 sessions). They interpreted this result in terms of response com-
petition as they also found evidence of increased magazine entries 
in the extensively trained group. However, absolute response rates 
for the lever-press and magazine entry responses were not high 
in relation to the 2-min stimulus interval, suggesting response 
competition is less likely, although an effect of unmeasured 
Pavlovian responses in addition to the magazine response can 
not be ruled out. In the current study, magazine entries during 
Pavlovian training that followed instrumental training did not 
differ between groups. Furthermore, for response competition to 
account for the current results, this competition would have to 
be greater in the 2-week groups. Further experimentation would 
be required to provide any support for such a claim; however, as 
it was the amount of instrumental rather than Pavlovian training 
that varied in the current study, it seems more likely that some 
change to the nature of instrumental performance between 
groups is responsible for the effects observed here.
As noted above, while habits are thought to rely on an S–R 
association, the stimuli that support habitual performance in a free 
operant paradigm are typically poorly defined. One possibility is 
that these stimuli are derived from the physical context. Indeed, 
there is some evidence that contextual stimuli can contribute to 
habitual responding. For example, studies using designs where 
goal-directed and habitual responses are generated in the same 
animal train these two responses in distinct contexts that differ 
in a range of visual and tactile properties (24, 25). Furthermore, 
instrumental performance is sometimes decreased when animals 
are tested in a context that is distinct to where they were trained, 
suggesting that the context contributes partially to instrumental 
performance (26). In contrast, the PIT procedure measures the 
effects of stimuli conditioned in a separate Pavlovian training 
phase rather than those that are incidentally present as animals 
perform the instrumental response. While it does not directly 
assess the strength of the S–R association thought to underlie 
response habits, it nonetheless provides evidence of the sus-
ceptibility of instrumental responding to Pavlovian influences. 
How the independently trained Pavlovian stimuli interact with 
the S–R association thought to underlie responding is currently 
unknown. In addition to a role for the training context, it is also 
possible that the animals’ own behavior sets the occasion for 
further responses or otherwise contributes to the S that drives 
S–R based responding. For example, animals may learn to follow 
magazine entry with a sequence of lever-press responses and as 
such, CS-elicited magazine entries could provoke additional lever 
presses in the presence of the CS. To the extent that behavior is 
more automatized following extended training or that sequences 
of behavior have been organized into “chunks,” it is possible that 
such effects could grow with extended training and account for 
the elevated PIT observed in the 8-week groups. Future work 
involving detailed analyses of response microstructure within 
PIT testing could address these possibilities.
Another possibility is that the outcome serves not only 
as a reinforcer but also as a stimulus that directs subsequent 
responses. Strong evidence that animals use the outcome in 
this way comes from some elegant experiments by Ostlund and 
Balleine examining outcome-specific reinstatement effects (27). 
For example, they trained animals under circumstances where 
different outcomes (O1 and O2) not only served as reinforcers 
for responding (R1–O1; R2–O2) but also served as antecedents 
of the response. The critical manipulation was that the outcome 
of responding and that which preceded the subsequent response 
was either congruent (O1–R1–O1; O2–R2–O2) or incongruent 
(O1–R2–O2; O2–R1–O1). Ostlund and Balleine then tested the 
ability of, say, O1 to reinstate extinguished responding. They 
found that presentation of O1 reinstated R1 in the group with 
congruent training; however, O1 reinstated R2 after incongru-
ent training suggesting that the antecedent O–R association is 
responsible for reinstatement of instrumental responding. Thus, 
outcomes can serve as stimuli to direct responding. Applying this 
to an expectancy- or cueing-based explanation of PIT (28, 29), 
presentation of S will retrieve a representation of the outcome it 
was trained with, which in turn, through this O–R association, 
will promote performance of a response also associated with that 
O. In the current experiments, the free operant training of a single 
response is most similar to the congruent training of Balleine and 
Ostlund (27), and it would be expected that the earned outcome, 
say alcohol, serves not only as a reinforcer but also as a signal for 
performance of a response that earns alcohol. Presentation of the 
E+ then can invigorate performance of the alcohol response to 
generate the observed PIT effect. Based on the results of Balleine 
and Ostlund (27), one would expect this effect to be selective, 
which would explain why in Experiment 3, the effects of E+ but 
not S+ grow with extended training. To explain the enhanced PIT 
following extended training, this view assumes that the strength 
of the O–R association is incrementally strengthened with 
extended training much the same as is suggested for the more 
general S–R association proposed to underlie habit learning. 
With a stronger O–R association, retrieval of O as a signal for 
responding by S should have a greater effect on responding in the 
extended training group, which could account for the enhanced 
PIT that was observed in these groups. Importantly, Balleine and 
Ostlund (27) found that while the magnitude of outcome-specific 
reinstatement effects was reduced by devaluation, the specificity 
of these effects remained intact, indicating that the influence of 
the outcome on response selection does not depend on outcome 
value. This finding parallels reports that outcome-specific PIT is 
not dependent on outcome value and explains how PIT effects 
could grow under conditions where outcome value plays little role 
in controlling performance (that is, the devaluation-insensitive 
performance of the extended training groups).
Several different types of PIT have been identified. Stimuli 
may produce an enhancement (or suppression) of responding 
as a result of the motivational consequences of association with 
reinforcement generally (referred to as non-selective or general 
transfer). Alternatively, a stimulus may have quite specific effects 
impacting only response(s) associated with the same outcome 
as is predicted by the stimulus (referred to as specific transfer). 
As noted above, to explain such PIT effects, some theoretical 
accounts suggest that stimuli produce an expectancy regarding a 
particular outcome that, through a form of S–R process (S–O–R), 
elevates the performance of actions associated with the predicted 
outcome [e.g., Ref. (28, 30)]. Interestingly, when rats were trained 
with two stimuli that predicted alcohol and sucrose, respectively, 
while both stimuli elevated responding (on a response trained 
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with alcohol), the alcohol-predictive stimulus was more effective 
in elevating responding, providing some evidence of specific PIT, 
and importantly, only the influence of the alcohol-predictive 
stimulus grew with extended training suggesting predominantly 
an outcome-specific effect rather than an energizing effect that 
should have impacted both stimuli. The meta-analysis conducted 
by Holmes et al. (22) found no evidence of changes to the specific-
ity of PIT in experiments in designs that allowed examination of 
stimuli paired with the same or different outcomes as the target 
response. We have previously observed that alcohol-predictive 
stimuli are unique in that they also enhance performance of a 
response earning an alternate reward (sucrose) under training 
conditions that typically produce outcome-specific PIT (23). 
Thus, the lack of change in the influence of the sucrose stimulus 
on responding for alcohol in Experiment 3 is consistent with 
previous results (22). Whether the amount of training would 
have any impact on the previously reported general effects of an 
alcohol stimulus on responding for an alternate outcome, such 
as sucrose, was not tested in the current experiments and thus 
requires future experimentation.
While insensitivity to devaluation provides the most direct 
evidence of performance that is independent of goal value, it is 
worth noting several important demonstrations that the ability 
of stimuli to trigger responding does not depend on the pre-
dicted outcome being valuable at the time of testing. While the 
current study demonstrates particularly strong stimulus effects 
after training shown elsewhere to generate responding that 
is insensitive to devaluation, we did not examine the effects of 
devaluation on expression of PIT. However, others have shown 
that the ability of a stimulus to augment the performance of an 
action predicting the same outcome as the stimulus is not altered 
by outcome devaluation (31–33), although baseline response 
rates may be reduced. These types of findings demonstrate that 
the ability of stimuli to invigorate responding can be independ-
ent of evaluative processes related to the consequences of that 
responding. PIT effects also persist following manipulations 
that degrade the stimulus–outcome (S–O) contingency, such as 
extinction of S, pairing of S with a new outcome, or switching 
the S–O contingency to either a random or explicitly unpaired 
relationship with the outcome following initial training (34). 
These results, like those found with various recovery phenomena 
(spontaneous recovery, renewal, and reinstatement), suggest that 
S–O associations and their influence on behavior are persistent 
and difficult to change once established.
Of note, outcome devaluation and PIT tests are typically 
conducted under extinction conditions where reward is with-
held, similar to other recovery phenomenon used to model 
human relapse. This differs from the human situation where 
drug seeking is likely to produce the desired drug. With this in 
mind, increases in the magnitude of effects, such as PIT, perhaps 
speak to the power of drug-associated stimuli to provoke the 
initiation of drug-seeking behaviors. The stronger these effects, 
the more likely stimuli are to trigger a drug-seeking response, 
which in real-world settings could result in drug use. Findings, 
such as the current results, suggest that the ability of stimuli 
to drive behavior increases under conditions that promote 
habitual control provide some insight into the factors that 
control responding when it is not generated by expectation and 
evaluation of a particular outcome, and it may help explain why 
habitual responding is resistant to change. Such findings may 
also improve understanding of the factors that contribute to 
relapse to drug use in individuals with a stated desire to abstain 
and who are aware of, but apparently insensitive to, the negative 
consequences of continued drug use.
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